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Abstract 

Background: Malaria in the western Kenya highlands is characterized by unstable and high transmission variability 
which results in epidemics during periods of suitable climatic conditions. The sensitivity of a site to malaria 
epidemics depends on the level of immunity of the human population. This study examined how terrain in the 
highlands affects exposure and sensitivity of a site to malaria. 

Methods: The study was conducted in five sites in the western Kenya highlands, two U-shaped valleys (Iguhu, 
Emutete), two V-shaped valleys (Marani, Fort-Ternan) and one plateau (Shikondi) for 16 months among 6-15 years 
old children. Exposure to malaria was tested using circum-sporozoite protein (CSP) and merozoite surface protein 
(MSP) immunochromatographic antibody tests; malaria infections were tested by microscopic examination of thick 
and thin smears, the children's homes were georeferenced using a global positioning system. Paired t-test was 
used to compare the mean prevalence rates of the sites, K-function was use to determine if the clustering of 
malaria infections was significant. 

Results and Discussion: The mean antibody prevalence was 22.6% in Iguhu, 24% in Emutete, 1 1.5% in Shikondi, 
8.3% in Fort-Ternan and 9.3% in Marani. The mean malaria infection prevalence was 23.3% in Iguhu, 21.9% in 
Emutete, 4.7% in Shikondi, 2.9% in Fort-Ternan and 2.4% in Marani. There was a significant difference in the 
antibodies and malaria infection prevalence between the two valley systems, and between the two valley systems 
and the plateau (P < 0.05). There was no significant difference in the antibodies and malaria infection prevalence 
in the two U-shaped valleys (Iguhu and Emutete) and in the V-shaped valleys (Marani and Fort Ternan) (P > 0.05). 
There was 8.5- fold and a 2-fold greater parasite and antibody prevalence respectively, in the U-shaped compared 
to the V-shaped valleys. The plateau antibody and parasite prevalence was similar to that of the V-shaped valleys. 
There was clustering of malaria antibodies and infections around flat areas in the U-shaped valleys, the infections 
were randomly distributed in the V-shaped valleys and less clustered at the plateau. 

Conclusion: This study showed that the V-shaped ecosystems have very low malaria prevalence and few 
individuals with an immune response to two major malaria antigens and they can be considered as epidemic 
hotspots. These populations are at higher risk of severe forms of malaria during hyper-transmission seasons. The 
plateau ecosystem has a similar infection and immune response to the V-shaped ecosystems. The U-shaped 
ecosystems are transmission hotspots. 
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Background 

Malaria epidemics have occurred in the highlands of 
western Kenya since the late 1980s, often resulting in 
high morbidity and mortality [1]. These epidemics have 
been associated with weather anomalies such as the El 
Nino phenomenon [2]. Apart from weather, other dri- 
vers of malaria transmission include topography [3] 
immunity [4] land use change [5] and drug resistance 
[1]. Entomological studies in different highland ecosys- 
tems indicated that transmission is heterogeneous. For 
example in ecosystems that are characterized by narrow 
valleys with fast flowing rivers the annual entomological 
inoculation rates (EIR) ranged from 0.4-1.1 infectious 
bites per person per year whereas, in ecosystems charac- 
terized by flat bottomed valleys with slow moving rivers, 
the annual EIR was 16.6 infectious bites per person per 
year [6]. While breeding of malaria vectors in the two 
ecosystems is confined to the valley bottoms, the broad 
shaped valleys have large flat surfaces where water can 
accumulate. In contrast, the narrow shaped valleys have 
relatively small flat surfaces providing stable breeding 
sites [7]. It has been shown that the productivity of a 
breeding habitat is a function of its stability [8]. The 
development of immunity to malaria is a function of the 
intensity and duration of exposure to infections. 
Measuring functional immunity to malaria remains a 
serious problem. However, proxies such as parasite den- 
sity have been used to indicate suppression of parasite- 
mia by the immune system. Major antigens linked to 
immune responses have been used as makers of the 
immune response. Studies in western Kenya indicate 
that areas of unstable transmission in the highlands, the 
prevalence of circumsprozoite protein (CSP) was 13% in 
adults over 40 years of age whereas in the stable trans- 
mission lowlands, approximately 65% of children were 
antibody positive [4]. Thus, the human population in 
the highland site has fewer people with immunity and 
this renders them vulnerable to severe forms of malaria 
during epidemics. The level of malaria transmission may 
also affect the production of gametocytes and the infec- 
tious reservoir of malaria. A large reservoir of infections 
would make available gametocytes to malaria vectors 
leading to stable and continuous transmission. The 
highlands were classified into three ecosystems, these 
being the flat bottomed valleys (U-shaped) the narrow 
bottomed valleys, (V) shaped and the plateau (Figure 1). 
We carried out a longitudinal cohort study with a pri- 
mary focus on a spatial-temporal qualitative assessment 
of exposure to infections using immunological makers 
in the different ecosystems. Parasitological surveys were 
carried out to provide baseline data on the effects of 
ecosystem characteristics on malaria prevalence. Malaria 
epidemics in western Kenya highlands are driven by 



climate variability. However terrain characteristics can 
modify the level of malaria transmission and the rate of 
development of immunity. The risk of an epidemic is 
closely related to the level of immunity of the human 
population. While malaria epidemic prediction models 
[2] can identify the weather risks, the final outcome of 
the epidemic will be closely linked by the proportion of 
people who may not have had exposure to the disease 
and who have no immunity to malaria. This study was 
designed to identify how major terrain characteristics 
that control the breeding of malaria vectors in the 
western Kenya highlands can influence exposure to 
transmission and the development of an immune 
response. Identification of vulnerable populations in epi- 
demic hotspots will make the epidemic prediction more 
spatially accurate. 

Methods and materials 

Study Sites 

This study was conducted in five sites, two U-shaped 
valleys (Iguhu and Emutete), two V-shaped valleys (Mar- 
ani and Fort Ternan) and one plateau (Shikondi). Iguhu 
(0°17'N, 34°74'E, and elevation 1,450-1,580 m above sea 
level) is located in Kakamega district, western Kenya. 
The slow flowing river Yala runs through the flood 
prone flat valley. Emutete village (34°64 E, 00°22 N, 
elevation 1,463 - 1,603 m above the sea level) is located 
in Emuhaya district in Western Kenya. The area is char- 
acterized by large flat bottomed valley with slow running 
streams. Marani (34°48 E, 00°02 N and elevation 1,520- 
1,700 m above the sea level) is located on the highland 
plateau adjacent to the Lake Victoria Basin and 17 km 
north of Kisii town. The fast flowing Marani river runs 
along the shallow gorge. Fort Ternan (00°12 S 35°21 E, 
elevation 1,500 m - 1,600 m above the sea level) is 
located in Kericho District. River Kipchorian bisects the 
hills and runs a long a deep gorge. Shikondi (0.192300 
N, 34.763000 E, and elevation 1,533 m - 1,576 m above 
the sea level) is a plateau located 4 Km from Iguhu in 
Kakamega district, western Kenya (Figure 2) 

Sample size calculation 

Because malaria prevalence in the study area was not 
well known, the sample size calculation was carried out 
assuming the prevalence was 50%. The sample size was 
calculated to achieve a 95% confidence and precision 
level of 5%. 

The sample size required was 384 children from all the 
study sites, i.e. 77 children per site. Assuming a truancy 
of 10%, a total sample size of 425 children was obtained 
from a population of 600 children (120 from each site) 
who had given consent to participate in the study. The 
homes of the 600 children were geo-referenced, mapped, 
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Figure 1 Shape of the valley systems; this figure shows a sketch of the V-shaped valleys, U-shaped valleys and the plateau. 
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and tested for clustering. The human population density 
in all the study sites is very similar and so equal numbers 
of children were allocated to each site. Of the final 
sample size of 425 children, each site was allocated 85 
children. 

Study Population 

Cohorts of 170 children in the two U-shaped valleys, 
170 children in the two V-shaped valleys and 85 
children at the plateau aged 6-15 years were recruited 
for monthly Plasmodium falciparum surveys. The 
cohorts were followed monthly for 16 months (from 
May 2009- August 2010). Before the children were 
allowed to participate in the study, consent was obtained 
from their parents or guardians. Children aged between 
6-15 years residing in the study sites and with no 
reported chronic illness, except malaria, were allowed to 
participate in the study. Children who were found 
having fever at the time of sampling were taken to the 
nearest government clinic for treatment. 

Immunoassays for exposure to malaria 

The SCIMEDX (SCIMEDX Corporation, Deville, New 
Jersey, USA) rapid diagnostic antibody test kit contains a 
membrane strip, which is pre-coated with recombinant 
malaria P. falciparum capture antigens (MSP, CSP) on 
the test band P. falciparum region and with recombinant 



malaria P.vivax capture antigens (MSP, CSP) on the test 
band P.vivax region. The recombinant malaria Plasmo- 
dium vivax (P. v). /Plasmodium falciparum (p.f). antigen 
(MSP, CSP) -colloidal gold conjugate and serum sample 
moves along the membrane chromatographicaliy to the 
test region (P.f or P. v.) and forms a visible line as anti- 
body-antigen gold particle complex forms with 91.3% 
sensitivity and 98.5% specificity. The control line is used 
for procedural control. Blood samples were collected by a 
standard finger prick and drawn into capillary tubes, then 
centrifuged at 1,800 revolutions per minutes for 5 min- 
utes to obtain the serum. After the test kit had been 
brought to room temperature, a drop of serum was 
added in to the sample window and allowed to soak in, 
and then two drops of the diluent were added into the 
sample window. The positive results were read after 10 
minutes and the negative results confirmed after 20 min- 
utes as indicated by the kit manufacturer. 

Microscopy for the presence of the malaria parasites 

Blood samples were collected by the standard finger- 
prick method and thick and thin smears prepared on 
labeled slides. The smears were allowed to air dry then 
fixed in methanol and stained in 4% Giemsa for 30 min. 
The stained smears were then examined using the 
magnification of x 1,000 (oil immersion) to identify and 
count the parasite species. Random checks were carried 
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Figure 2 The map of the five study sites; Iguhu, Emutete, Fort Ternan, Marani and Shikondi in Western Kenya. 
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out on the slide counts by independent microscopists to 
ensure quality control. Parasite density was scored 
against 300 leukocytes in positive slides. Parasite 
densities were converted to number of parasites per 
microliter of blood, assuming a leukocyte count of 8,000 
cells/(il [8]. 

Spatial distribution maps 

The homes of the participants were geo-referenced 
using a global positioning system (GPS) unit. A database 
was created with participants' names, ages, GPS location, 
and malaria parasite infection results. Participants' 
names were coded for confidentiality. ArcView 3.3 
(Environmental Systems Research Institute, Redlands, 
CA, USA) was used to create spatial-distribution maps 
of infected and uninfected participants. 



Weather data 

Mean monthly rainfall, maximum and minimum 
temperature for the study sites was obtained from the 
Kenya Department of Meteorology. 

Data analysis 

Site specific prevalence rates were determined by 
expressing positive blood smears as a percentage of the 
total blood smears examined. Only positive slides were 
considered when the geometric mean parasite density 
was calculated for each site. The paired t-test was used 
to determine differences of the prevalence of antibody 
and malaria parasite infections among the sites. To 
determine spatial distribution patterns of malaria 
infections in the study area, ArcView 3.3 (Environmental 
Systems Research Institute, Redlands, CA, USA) was 
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used to create Spatial-distribution maps of infected and 
uninfected participants for the 5 sites. Plasmodium 
falciparum infections were tested for clustering by 
household with the global spatial statistic, the K func- 
tion, weighted by parasite density [9-11] by using Point 
Pattern Analysis software (San Diego State University, 
San Diego, CA, USA). The global weighted K function, 
L(d), examines the spatial dependence of malaria 
infection by household over a wide range of scales of 
pattern [12]. The observed L(d) function values were 
tested against the null hypothesis that the spatial distri- 
bution of all infected residents in the study area was 
random, by using 1,000 Monte Carlo iterations. The 
global spatial cluster analysis was conducted separately 
for the five sites. 

Ethical considerations 

Scientific and ethical clearance was given by Kenya 
Medical Research Institute. Inclusion criteria were provi- 
sion of informed consent, age >5 years at recruitment, 
and no reported chronic or acute illness, except malaria. 

Results 

Weather data from the meteorological stations 
near the study sites 

Rainfall among the three districts, Kakamega, Kisii and 
Kericho were not statistically different. However Kisii 
received 435 mm more rainfall than Kakamega (Table 1). 
The mean annual maximum and minimum temperatures 
were significantly different among the sites with 
Kakamega being warmest and Kericho coolest (Table 1). 
The mean annual temperature between Kakamega and 
Kisii was not significantly different whereas it was signifi- 
cantly different between Kericho and Kisii and between 
Kakamega and Kericho. 

Thus rainfall and mean annual temperatures were not 
significantly different between Kakamega and Kisii 
districts. 

Prevalence of P. falciparum malaria infections 

The mean P. falciparum prevalences during the 16 
months study period were Iguhu, 23.3%, Emutete 21.9%, 
Marani 2.4% Fort Ternan 2.9% and Shikondi 4.7% 
(Figure 3). The prevalences in the two U-shaped valleys 



Iguhu and Emutete, were not significantly different (p > 
0.05 t-test = 0.609) nor was the difference between the 
V-shaped valleys, Marani and Fort Ternan (p > 0.05, 
t-test = -0.672). The mean prevalences between the 
V-shaped valleys (Marani and Fort Ternan) and the 
plateau (Shikondi) were significantly different (p < 0.05, 
t-test = -2.47). No parasitemia were detected in Marani 
between March and May 2010. The difference in 
P. falciparum prevalence between the U and V-shaped 
valleys populations was highly significant (p << 0.05, t = 
13.11) and so was the difference between the U-shaped 
valley populations and Shikondi the plateau (p << 0.05 
t = 10.98). Seasonal variation in parasite prevalence was 
observed in populations living in the U- shaped valleys 
and was responsive to rainfall. Above normal El Nino 
rains were experienced in December 2009 which is 
normally a dry period (Figure 3). 

Mean parasite density in the five study sites 

There was a significant difference in the geometric 
means of P. falciparum parasite density in the two 
U-shaped valleys; p < 0.05 t = -1.882 (Figure 4). There 
was no significant difference in the geometric means of 
P. falciparum parasite density in the two V-shaped 
valleys (Marani and Fort Ternan); p > 0.5 t = -1.678 
(Figure 4). The mean parasite density and variance were 
highest at the plateau site of Shikondi and this was 
significantly different from the densities observed in the 
V-shaped valleys; p < 0.05 t = -2.584 (Figure 4). 

P. falciparum gametocyte prevalence in the five sites 

In Marani, no gametocytes were detected throughout 
the study period, while in Fort Ternan the mean preva- 
lence was 0.8%, Shikondi 1%, Iguhu 2.8% and Emutete 
3.3%. 

The gametocyte prevalence between Iguhu and 
Emutete (U-shaped valleys) was not significantly differ- 
ent (p > 0.05 t = -0.765), but was significantly different 
between the U-shaped valleys and V-shaped valley (Fort 
Ternan) (p < 0.05 t = 4.064) and between the U-shaped 
valleys and the plateau, Shikondi (p < 0.05 t = 5.058). 
However the prevalence between the V-shaped (Fort 
Ternan) and the plateau, Shikondi was not significantly 
different (p > 0.05, t = 0.463) (Table 2). 



Table 1 Summary of water data from meteorological stations near the study sites 







Values 






P values 




Sites 


Kericho 


Kisii 


Kakamega 


Kakamega vs Kisii 


Kakamega vs Kericho 


Kericho Vs Kisii 


Total annual rainfall (mm) 


1,718.3 


2,243.2 


1,808.3 


p > 0.05 


p > 0.05 


p > 0.05 


Mean annual maximum temp °C 


24.8 


26.1 


28.3 


p < 0.05 


p < 0.05 


p < 0.05 


Mean annual minimum temp °C 


11.1 


15.8 


14.8 


p < 0.05 


p < 0.05 


p < 0.05 


Mean annual temperature °C 


18.0 


21.0 


21.6 


p > 0.05 


p < 0.05 


p < 0.05 
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Figure 3 The parasites prevalence was 8.5 fold higher in the in the U-shaped valleys (Iguhu and Emutete) than in the V- shaped 
valleys (Marani and Fort Ternan) and the plateau (Shikondi). 



Prevalence of CSP-MSP antibodies in the five study sites 

The test kit for antibodies returned a positive result 
whether the individual responded to one or both antibo- 
dies. The mean prevalence of the antibodies in Iguhu 
was 22.6%, Emutete 24%, Marani 9.3%, Fort Ternan 
8.3% and Shikondi 11.5%. There was a significant differ- 
ence between the antibody prevalence in U-shaped 
valleys and the V-shaped valleys (p < 0.05, t = -6.226), 
and between the plateau and U-shaped valleys (p < 0.05, 
t = -6.182). There was no significant difference in anti- 
body prevalence in the two U-shaped valleys (Iguhu and 
Emutete) (p > 0.05 t = -0.346), in the two V-shaped val- 
leys (Fort Ternan and Marani) (p > 0.05 t = 0.352) and 
between the plateau (Shikondi) and the V-shaped valleys 
(p > 0.05, t = -0.889). An increase in antibody 
prevalence levels was observed after the rains in 
September 2009 and these declined rapidly in March 
2010 (Figure 5). There was a positive correlation 



between site-specific mean antibody prevalence rate and 
mean site-specific malaria parasites prevalence rates, 
(Adjusted R 2 = 0.994; p = 0.00191) (Figure 6a) at the 
population level but not at the individual level. The 
mean site-specific prevalence of antibodies increased 
with the increase in the mean site-specific prevalence of 
malaria infections in all the study sites during the entire 
study period (Figure 6b). 

Spatial distribution of malaria cases 

The global weighted K function, L (d), was used to 
examine the spatial distribution of malaria infections by 
household over an interpoint distance of 100-1,400 m 
for all the sites. Figure 7 shows measures of the 
observed L (d) and the 95% CI plotted for various values 
of interpoint distance for the surveys in Iguhu and 
Emutete respectively. The spatial distribution of infec- 
tions was considered evenly dispersed if the observed 



Wanjala et al. Parasites & Vectors 201 1, 4:81 
http://www.parasitesandvectors.eom/content/4/1/81 



Page 7 of 1 3 



U shaped 
valley 



V shaped 
valley 



r 



< 



v 



| Iguhu 



1 



Nov-09 
Time (Months) 




tin id 




J* 



Figure 4 The parasite density in the five sites, the geometric mean was the highest at the plateau (Shikondi) and showed high 
variation in the parasite density basing on the magnitude of the error bars 



Table 2 The prevalence of gametocytes in the five sites 

Month Site 

Iguhu Emutete Fort Ternan Marani Shikondi 
Prevalence % 

May-09 1.0 4.2 0.9 0.0 0.0 

Jun-09 6.5 2.1 1.0 0.0 1.0 

Jul-09 2.1 1.7 0.0 0.0 1.0 

Aug-09 3.4 5.2 0.0 0.0 2.7 

Sep-09 4.7 3.0 0.0 0.0 0.0 

Oct-09 2.0 2.9 0.0 0.0 1.0 

Nov-09 1.3 1.3 1.0 0.0 0.0 

Dec-09 0.0 0.0 1.2 0.0 1.3 

Jan-10 1.1 2.2 0.0 0.0 0.0 

Feb-10 3.3 2.0 1.0 0.0 0.0 

Mar-10 4.2 1.0 2.2 0.0 0.0 

Apr-10 3.2 5.7 0.0 0.0 0.0 

May-10 2.4 5.6 4.6 0.0 0.0 

Jun-10 1.2 7.3 0.0 0.0 2.2 

Jul-10 3.5 5.4 0.0 0.0 2.2 

Aug-10 4.6 3.3 0.0 0.0 3.1 

Mean 2.8 3.3 0.8 0 1 



K function values were below the lower limit of the 95% 
CI, clustered if above the upper limit, or random if 
within the 95% CI. The weighted K function indicated 
that the malaria infection distribution pattern was signif- 
icantly different than expected under complete spatial 
randomness in the U-shaped valley but was random in 
the V-shaped valleys and the plateau (Figures 8 and 9). 
Spatial clustering occurred at flat areas in the U-shaped 
valleys (Figure 7); however it was not significantly clus- 
tered at the plateau (Figure 9) and was random in the 
V-shaped valley (Figure 8). 

The majority of children with parasite positive blood 
smears in the U-shaped valleys were found infected on 
4-6 occasions during 12 months while those in the V- 
shaped valleys and the plateau had 1-2 infections per 
year. Thus the children in the U-shaped valleys were 
infected for a longer period. (Figures 7 and 8) 

Discussion 

Temporal variation of P. falciparum malaria prevalence 
in the highlands of western Kenya is a function of 
meteorological variables (rainfall, temperature and 
humidity) while the spatial variation is a function of the 
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Figure 5 The prevalence of CSP/MSP antibodies in the five studies, the antibodies prevalence was 2.6 fold higher in the U-shaped 
valleys (Iguhu and Emutete) than in the V-shaped valleys and the plateau. 



terrain characteristics. Furthermore these two drivers of 
malaria transmission have a direct impact on the devel- 
opment of an immune response to malaria infections. In 
this study we examine how the terrain characteristics 
are associated with prevalence levels of asexual and sex- 
ual stages of P. falciparum malaria spatial distribution of 
infections and the immune response. Knowledge gained 
has contributed towards differentiation of malaria epi- 
demic and transmission hotspots which will further lead 
to a better understanding of the evolution of malaria 
epidemics. 

Rainfall was similar among all the sites and the mean 
annual temperatures were not significantly different 
between Kakamega (Iguhu) and Kisii (Marani) which 
have U and V-shaped valleys respectively. Despite 
having similar weather, the two sites had very different 
P. falciparum malaria parasite prevalences, immune 
response and spatial distribution of malaria infections. 
The U-shaped valleys system had 8.5-fold more malaria 



infections and 2.6-fold greater prevalence of antibodies 
compared to the V- shaped valleys systems. This observa- 
tion has implications in terms of predicting the outcome 
of weather-driven malaria epidemics and their prevention 
and control. In the highlands, most severe malaria cases 
during an epidemic come from human populations that 
have not been regularly exposed to malaria infections 
[13]. Physically the highlands of western Kenya are not a 
homogeneous ecosystem and have been shown to have a 
heterogeneous eco-epidemiology [3]. Thus while the 
climate may be similar in many places malaria infections 
also respond to terrain characteristics such as the shapes 
of the valleys which determine the availability and 
stability of vector breeding habitats and subsequently the 
level of malaria transmission and immunity. The out- 
come of a malaria epidemic is a direct function of the 
level of transmission and immunity. 

The early malaria epidemic prediction model devel- 
oped by Githeko and Ndegwa [2] detects temperature 
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Figure 6 (a) Positive correlation between antibody and parasite prevalence, (b) shows that the site-specific mean antibody prevalence 
increased with the site-specific mean parasite prevalence in all the study sites during the entire study period. 



and rainfall anomalies that are supportive of increased 
vector populations and rapid sporogonic parasite devel- 
opment. It has been known that certain areas in the 
highlands are more prone to epidemics than others, but 
causes of this phenomenon were not clearly understood. 
In the western Kenya highlands the former Kisii, Keri- 
cho and Nandi districts have had a long history of 
severe malaria epidemics. We recognize that these dis- 
tricts have V-shaped valleys. In Kakamega district 
unpublished data (Ouna & Githeko unpublished) indi- 
cated a sharp increase in severe malaria cases at the 



plateau village of Shikondi during the 1997/8 El Nino 
driven epidemics. Malaria prevalence in this village is 
low (4.7%) and mean proportion of children with anti- 
bodies in this study was 11.5%, leaving a large propor- 
tion of the population with no detectable immune 
response. 

During late 2009, El Nino type of rains started in 
September and continued to December. An increase in 
the proportion of children with antibodies increased by 
24.2% in the U-shaped valleys system and this was asso- 
ciated with a 13.4% decrease in malaria prevalence in 
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Figure 7 The spatial distribution of malaria infections and K- function analysis in the "U" shaped valleys, malaria infections clustered 
around flat areas in the U-shaped valleys. K-function spatial analysis shows that the clustering was significant. 



December. In the V-shaped valleys system an increase of 
20.8% in the prevalence of antibodies was associated 
with only 1.7% decrease in malaria prevalence in 
November. These observations suggest that the immune 
response in the U-shaped valley systems may be more 
robust than that of the V-shaped valley systems. Besides 
a higher prevalence in malaria infections in the 
U-shaped valleys system, children were infected 3-fold 
more frequently than in the V-shaped valley system 
which may contribute to a better development of an 
immune response to malaria. Our results also showed a 
high positive correlation between site-specific mean 
antibodies and site specific mean parasite prevalence 
rates; this indicates that the site-specific malaria 
infection prevalence is predictive of the site-specific pre- 
valence of CSP and MSP antibodies. While this relation- 
ship was strong at the population level, the relationship 
at the individual level was much less obvious and could 
have been affected by the sensitivity of kit, antigenic 
polymorphism and delayed immune response. Other 



studies have shown a log-linear relationship between 
exposure and antibodies prevalence predicted by mathe- 
matical models assuming exposure-dependent immunity 
[14]. The log-linear relationship between transmission 
intensity and prevalence of both infections and enlarged 
spleens thus support the existence of exposure- 
dependent acquired immunity [15]. 

The high gametocytes prevalence rates in the 
U-shaped valleys compared with the V- shaped valleys 
indicate that the reservoir of malaria infections in the 
U-shaped valleys is higher than in the V-shaped valleys 
and the plateau. While the population living in the 
U-shaped valley maintains a large reservoir of infectious 
gametocytes, the people living in the V-shaped valley 
comprise a high proportion of susceptible individuals. 
Under permissive climatic conditions the infectious 
vector population could increase, leading to higher rates 
of malaria prevalence. Earlier studies indicated that the 
mean gametocyte prevalence in Kericho district was 
1.8% [16], 2.8% in Kakamega district [17]. In contrast 
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Figure 8 Spatial distribution of malaria infections and K-function analysis in the "M" shaped valleys, but the infections are randomly 
distributed at the V-shaped valleys. 



gametocyte prevalence of 39.1% was reported in the 
holoendemic Kisumu District during the rainy season 
[18] and a rate of 6.6% in the mesoendemic Suba 
district, Western Kenya [19]. In our study the mean 
gametocyte density was significantly different between 
the V-shaped, the U-shaped valleys, and the plateau. 
The low prevalence of gametocytes in the V-shaped val- 
leys with no gametocytes observed in Kisii indicates that 
there is a weak transmission system in the V-shaped 
valley. 

Spatial analysis of the malaria antibodies and 
infections indicated that there was a significant positive 
clustering of malaria infections in the flat bottomed 
U-shaped valleys resulting from the high availability and 
stability of vector breeding habitats. In contrast malaria 
infections were randomly distributed in the V-shaped 
valleys, and this can be explained by the fact that these 
valley systems are characterized by fast running rivers at 
the valley bottoms, and steep slopes that provide good 
drainage in the area and so there are few vector 



breeding habitats in these ecosystems. We also observed 
less clustering in the plateau though it was not statisti- 
cally significant. Earlier studies in the same area indi- 
cated that malaria was mesoendemic at the plateau at 
26.7% prevalence [12]. Our results are consistent with 
studies at Iguhu which indicated that Anopheline larval 
habitats were generally clustered near the streams and 
rivers [20]. Similar studies have shown that the risk of 
malaria is strongly associated with distance from breed- 
ing sites [17]. Lower altitude within a highland area has 
been described in several studies as a risk factor for 
malaria [21,22]. Vector densities have been shown to 
cluster in low-lying flat areas [5], and reclaimed swamps 
[20,23]. 

Ongoing studies in the same areas indicate that the 
V-shaped valley ecosystems require anomalously high 
temperatures and rainfall over an extended period for 
epidemics to occur. These epidemics are defined by the 
numbers of people infected, severity of the disease and 
mortality. In Kericho district Western Kenya out of 
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Figure 9 Spatial distribution of malaria cases and cluster analysis at the plateau, there was less clustering at the flat areas of the 
plateau but it was not significant as shown in the K-function analysis. 



254 malaria deaths 31% were due to cerebral malaria, 
37% severe anemia and 32% due to malaria with gastro- 
enteritis or pneumonia [24]. It is important to know 
which populations in the highlands are at high risk of 
severe disease during epidemics. Such areas require 
early and effective interventions to reduce high morbid- 
ity and mortality. Severe forms of malaria require hospi- 
talization and treatment with quinine or blood 
transfusion and the demand on medical services can be 
tremendous. 

As a strategy for epidemic prevention special attention 
should be focused on the V-shaped valley and plateau 
ecosystems as they constitute epidemic hotspots. It is 
likely that malaria could be eliminated in the current 
epidemic hotspots however the current transmission 
hotspots may convert to epidemic hotspots as the cur- 
rent malaria control efforts reduce transmission. 



Conclusion 

This study has provided evidence that the V-shaped 
ecosystems have very low malaria prevalence and few 
individuals with an immune response to two major 
malaria antigens. This ecosystem can be regarded as an 
epidemic hotspot. These populations are a higher risk of 
severe forms of malaria during periods that support 
hyper-transmission of the parasites. When predicting 
malaria epidemics this factor should be taken into con- 
sideration. Plateaus with water bodies may also behave 
like the V-shaped valleys. It is critical that ecosystems 
sensitivities are taken into account in predicting and 
controlling malaria. 
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